Abstract Pituitary adenylate cyclase activating peptide (PACAP), a potent neuropeptide which crosses the blood-brain barrier, is known to provide neuroprotection in rat stroke models of middle cerebral artery occlusion (MCAO) by mechanism(s) which deserve clarification. We confirmed that following i.v. injection of 30 ng/kg of PACAP38 in rats exposed to 2 h of MCAO focal cerebral ischemia and 48 h reoxygenation, 50 % neuroprotection was measured by reduced caspase-3 activity and volume of cerebral infarction. Similar neuroprotective effects were measured upon PACAP38 treatment of oxygenglucose deprivation and reoxygenation of brain cortical neurons. The neuroprotection was temporally associated with increased expression of brain-derived neurotrophic factor, phosphorylation of its receptor-tropomyosin-related kinase receptor type B (trkB), activation of phosphoinositide 3-kinase and Akt, and reduction of extracellular signal-regulated kinases 1/2 phosphorylation. PACAP38 increased expression of neuronal markers beta-tubulin III, microtubule-associated protein-2, and growthassociated protein-43. PACAP38 induced stimulation of Rac and suppression of Rho GTPase activities. PACAP38 downregulated the nerve growth factor receptor (p75 NTR ) and associated Nogo-(Neurite outgrowth-A) receptor. Collectively, these in vitro and in vivo results propose that PACAP exhibits neuroprotective effects in cerebral ischemia by three mechanisms: a direct one, mediated by PACAP receptors, and two indirect, induced by neurotrophin release, activation of the trkB receptors and attenuation of neuronal growth inhibitory signaling molecules p75 NTR and Nogo receptor.
Introduction
Pituitary adenylate cyclase activating peptide (PACAP) was originally isolated from ovine hypothalamic extracts (Miyata et al. 1989) , sharing the highest homology with vasoactive intestinal polypeptide of the secretin/glucagon family. PACAP exists in two forms: PACAP38, which is the predominant form in the nervous system, and PACAP27, which consists of N-terminal 27 amino acids of PACAP38 (Arimura 1998) . While both PACAP isoforms activate adenylate cyclase with equal potency, PACAP38 is 200-fold more potent than PACAP27 in promoting activation of phospholipase C (Deutsch and Sun 1992) . PACAP is widely distributed in the brain and peripheral organs, notably in the endocrine pancreas, gonads, and respiratory and urogenital tracts (Sherwood et al. 2000) . In the nervous system, PACAP is widely expressed in the embryonic brain at the onset of neurogenesis and it has also been shown to be upregulated after brain injury (Skoglosa et al. 1999) . PACAP is involved in various processes such as the regulation of hormonal secretion, energy metabolism, and neuronal development, proliferation, regeneration, and survival (Magistretti et al. 1998; Vaudry et al. 1998a) . PACAP has three distinct receptor subtypes, the PACAP-specific PAC1 receptor, and the two PACAP/vasoactive intestinal polypeptide-indifferent VPAC1 and VPAC2 receptors (Harmar and Lutz 1994) . Pituitary adenylate cyclase receptor type 1 (PAC1) is highly abundant in the brain, pituitary, and adrenal glands (Vaudry et al. 2000b ). PACAP has both in vitro and in vivo antiapoptotic effects, can increase the survival of the in vitro neuronal cultures exposed to ischemia-like conditions, and has neuroprotective effects in the in vivo animal models of focal and transient global ischemia (Uchida et al. 1996; Reglodi et al. 2000b Reglodi et al. , 2004 ).
Brain-derived neurotrophic factor (BDNF) is a prototype member of neurotrophin family of growth factors which has pleiotropic effects on neuronal development and synaptic plasticity as well neuronal survival (Cowansage et al. 2010) . BDNF induces its biological effects in neurons by binding to the tyrosine kinase trk family of receptors, which in turn activate the typical signal transduction molecules extracellular signal-regulated kinases 1/2 (Erk1/2), protein kinase B (Akt), and phosphoinositide phospholipase C γ (Miller and Kaplan 2001) . A few studies provided evidences that BDNF mediates the neuroprotective effects of PACAP38 on rat cortical neurons exposed to N-methyl-D-aspartic acid (NMDA) excitatory insults (Frechilla et al. 2001) . PACAP can also exert trophic effects in neurons through crosstalk mechanism involving trk receptors and utilization of their tyrosine kinase signaling (Lee et al. 2002b ), a process defined as transactivation (Shi et al. 2010) . PACAP has been reported to increase the tyrosine kinase activity of nerve growth factor (NGF) receptor trkA in pheochromocytoma (PC12) cells (Lazarovici and Fink 1999) and BDNF tropomyosin-related kinase receptor type B (trkB) in hippocampal neurons, as well as promote the survival of hippocampal neurons after trophic factor withdrawal (Lee et al. 2002a) . PACAP can activate phosphoinositide 3-kinase (PI3-K) and Erk1/2 (Botia et al. 2007) , which are two of the critical signaling pathways involved in neuronal survival under various apoptotic paradigms. One of the downstream targets of PI3-K, PKB/Akt, when activated, can prevent apoptosis through phosphorylation and activation of multiple downstream signaling proteins caspase-9, glycogen synthase kinase 3, nuclear factor-kappa B, and the fork head family of transcription factors and changing the activation ratio Bax (member of the pro-apoptotic Bcl-2 protein family) to BAD (Bcl-2-associated death promoter) (White et al. 2000) . PACAP induced neuronal outgrowth (neuritogenic activity) in rat chromaffin cells (Wolf and Krieglstein 1995) , human neuroblastoma cells (Deutsch et al. 1993) , and PC12 cells (Lazarovici et al. 1998; Vaudry et al. 2002) . PACAP can delay or prevent apoptosis in sympathetic neurons after NGF deprivation (Chang and Korolev 1997) , in PC12 cells after serum deprivation or ceramide treatment (Tanaka et al. 1997; Hartfield et al. 1998) , or in cerebellar granule cells after serum and potassium withdrawal (Cavallaro et al. 1996; Kienlen Campard et al. 1997; Villalba et al. 1997; Vaudry et al. 1998a ). The neuroprotective effect of PACAP is likely to be mediated through the inhibition of caspase-3 activity (Vaudry et al. 2000a ).
The first study on PACAP effect on stroke indicated that delayed administration of PACAP induced, by virtue of its ability to cross the blood-brain barrier (Somogyvari-Vigh et al. 2000) , protective effects in transient middle cerebral artery occlusion (MCAO) in the rat model, expressed by reduction of the volume of brain infarct (Reglodi et al. 2000a ). This finding was also confirmed in rats habituated to moderate hyperthermic conditions (Reglodi et al. 2000b ) and also in a two-vessel occlusion model in mice (Doan et al. 2011 ). An additional important study correlated the neuroprotection by endogenous and exogenous PACAP following stroke to the differential modulation of the cerebrocortical transcriptome (Dejda et al. 2011b) . Later studies further indicated that endogenous PACAP is involved in suppression of edema in the ischemic brain (Nakamachi et al. 2010) . The neuroprotective effect of PACAP after MCAO is not only due to its ability to inhibit apoptosis, but also to moderate reduction of the inflammatory response (Dejda et al. 2011b ) via a mechanism involving interleukin-6 signaling (Ohtaki et al. 2006) . PACAP protective effects in MCAO and in a variety of models of neurodegenerative diseases in vitro and in vivo (Reglodi et al. 2011 ) offer a novel therapeutic approach. However, PACAP cannot be used in the clinic as a drug because of its poor metabolic stability. Stable analogues may provide lead compounds towards development of novel anti-stroke drugs ). This strategy is promising and requires a better understanding of the cellular and molecular mechanisms of PACAP-induced neuroprotection.
Our working hypothesis considered that PACAP provides neuroprotection by several potential mechanisms: a direct one involving activation of PAC1 receptors. Other indirect mechanisms may involve PACAP-induced autocrine release of neurotrophins such as BDNF, which by activation of its respective trkB receptor provide neuroprotective signals and induce neurite outgrowth by modulation of small GTPases and attenuation of neuronal growth inhibitory molecules. In the present study, we mechanistically evaluated the effect of PACAP38 in a rat model of transient MCAO and rat cortical neurons exposed to oxygen-glucose deprivation (OGD), focusing on the level and activity of BDNF receptors and signaling. We propose that PACAP induced neuroprotection by mobilizing BDNF-trkB receptor signaling, activating PI3-K/Akt pathways, inhibiting the hyperphosphorylation of Erk1/2 and induction of neurite outgrowth by modulation of the activity balance between the Ras homolog gene family, member A (RhoA) to Rasrelated C3 botulinum toxin substrate 1 (Rac1), and downregulating nerve growth factor receptor (p75 NTR ) and Nogo receptors (NgR). These findings propose that PACAP38 induces neuroprotection in stroke models both directly and indirectly by involving neurotrophin signaling.
Material and Methods

Primary Cortical Neuronal Cell Culture
Cultured cortical neurons were prepared from embryonic day 17 Wistar rats (Kuperstein and Yavin 2002) . Cells were mechanically dissociated from tissue pieces by trituration following enzymatic incubation for 20 min in calcium-and magnesium-free Hank's balanced saline buffer containing 2 mg/ml of trypsin. Dissociated cells were plated in poly-Dlysine-coated dishes and grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % fetal bovine serum, 100 μg/ml streptomycin, and 100 U/ml penicillin (Invitrogen, Carlsbad, CA, USA) overnight at 37°C with 5 % CO 2 . The medium was replaced the next day with Neurobasal medium supplemented with 2 % B27 supplement and maintained in vitro for 12-14 days before the start of the experiments.
In Vitro Model of Ischemia
Neuronal cultures were maintained under normal growth conditions before switching to ischemia-like conditions (OGD). Cell culture medium was replaced and incubated in glucose-free DMEM under hypoxia for 1 h (Lecht et al. 2010) . Then, the medium was replaced with Neurobasal medium containing normal amounts of glucose and grown under regular culture conditions for 48 h of reperfusion. Control cultures were maintained under regular culture conditions (normoxia).
RT-PCR Analysis
For RT-PCR analysis, samples were collected and total RNA was isolated using Trizol reagent (Invitrogen). PCR reactions were carried out for 40 cycles (94°C for 1 min, 65°C for 1 min, and 72°C for 2 min) and PCR products were separated on 2 % agarose gel (Arien-Zakay et al. 2009 ). RT-PCR was performed using the following PCR primer pairs for trkB, p75, NgR, and β-actin: Samples were lysed in radioimmunoprecipitation assay buffer (RIPA) (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 % NP-40, 1 % Na-deoxycholate, 1 mM EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 , 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail set I (Calbiochem, Darmstadt, Germany)). Equal amounts of lysates were used for the assay. To measure the BDNF expression and secretion, an ELISA kit (Promega, Madison, WI, USA) was employed as previously described (Arien-Zakay et al. 2009 ).
Rac1 and RhoA Activity Assays
Samples were lysed in RIPA buffer. RhoA and Rac1 activity was measured using assay kits from Upstate (Millipore, Billerica, MA, USA). The protocols were performed according to the manufacturer's instructions. Equal amounts of lysates were incubated with GST-PBD (p21-binding domain of human PAK-1) or GST-RBD (Rho binding domain of rhotekin) to precipitate GTP-bound Rac1 and GTP-bound RhoA, respectively. Precipitated GTP-bound Rac1 or RhoA was analyzed on a 14 % SDS-PAGE and immunoblotted using antibodies specific for Rac1 and RhoA. The total amounts of Rac1 or RhoA were also measured by immunoblotting using the same set of lysates and antibodies.
Immunoprecipitation and Western Blotting Analysis
Western blotting analyses were performed as previously reported (Jiang et al. 1997) . Cells were lysed in RIPA buffer for 30 min on ice and soluble proteins were obtained after centrifugation. For immunoblotting, equal amounts of lysate were subjected to SDS gel electrophoresis. Separated proteins were then electro-transferred to Immobilon membranes (Millipore). After exposure to the desired antibodies, proteins were visualized by an enhanced chemiluminescence protein detection kit (Pierce, Rockford, IL, USA). For immunoprecipitation, equal amounts of lysate were precleared with protein A-agarose (Pierce) for 1 h at 4°C. Supernatants were then incubated overnight at 4°C with the appropriate antibody. Protein A-agarose was added and the samples were further incubated for 1 h at 4°C. The protein Aagarose beads were collected, washed three times with lysis buffer, once with 25 mM Tris, pH 6.8, and then resuspended in 4× SDS sample buffer. The supernatants were boiled and subjected to SDS-PAGE. The immunoblotting was performed with the appropriate antibody (Jiang et al. 1997 ).
Immunocytochemistry
Cells grown on chamber slides were fixed with 4 % paraformaldehyde and then incubated in 20 % normal serum for 30 min. Cells were then treated with a pre-determined dilution of each of the primary antibody for 1 h at 4°C. Following incubation with primary antibody, cells were washed three to four times in cold PBS and then reacted with fluorescein or Texas red-labeled secondary antibody (Vector, Burlingame, CA, USA). The visualization of neural markers was performed by immunofluorescence technique and laser scanning confocal microscopy (Chen et al. 2005) . The following antibodies were used: anti-phospho-Akt (Cell Signaling, Danvers, MA, USA); anti-Bax (B-9), antiphospho-Erk, anti-phospho-trkB (H-181), anti-phosphop85, and anti-phospho-tyrosine (PY99) (Santa Cruz, Santa Cruz, CA, USA); anti-BDNF and anti-p75 NTR (Promega); and anti-neuron-specific class III beta-tubulin (TuJ1) (Covance, Princeton, NJ, USA).
In Vivo Model of Ischemia
The procedures were performed according to published protocols (Cai et al. 2001) . Male Wistar rats (275-300 g) were purchased from Charles River (Wilmington, MA, USA). After 5 days in quarantine, each rat was anesthetized with 3.5 % halothane and spontaneously respired with 0.5 % halothane in a 2:1 N 2 O/O 2 mixture using a face mask. A normal range of blood gases and pH was maintained during ischemia and reperfusion in animals with face mask inhalation. Body temperature was maintained constant (37°C) with a recirculating pad and K module and monitored via an intrarectal type T thermocouple. PE-50 catheters were placed into the femoral artery and vein to obtain blood for analysis of systemic arterial pressure, blood gases, glucose, and hemoglobin concentration and for drug administration, respectively. Supplemental fluids (15-25 ml lactated ringer) were given subcutaneously after the reperfusion onset.
In order to generate a highly reproducible lesion in this model of MCAO, it is essential that MCAO is induced in animals with a narrow range of body weight (275-300 g). MCAO was induced by advancing a 4-0 surgical nylon monofilament with an expanded (heated) tip into the internal carotid artery (ICA) to block the origin of the MCAO; reperfusion was performed by withdrawal of the filament. A 2-cm incision was made at the center of the animal neck, and the right common carotid artery (CCA), external carotid artery (ECA), and ICA were exposed under a Zeiss operating microscope. Care was taken to avoid injury to the vagus nerve. The ICA was further dissected to identify the pterygopalatine artery branch and the intracranial ICA branch. The CCA and ICA were temporarily clamped using microsurgical clips (Codman & Shurtleff, Inc., Warsaw, IN, USA). A 5-0 silk suture was tied loosely at the origin of the ECA and ligated to the distal end of the ECA. A 4-0 surgical nylon suture, with its tip rounded by heating near a flame, was introduced into the ECA lumen through a small puncture. The silk suture around the ECA origin was tightened around the intraluminal nylon suture to prevent bleeding, and the microsurgical clips were removed. A length of 18.5-19.5 mm of nylon suture, determined according to the animal's weight, was gently advanced from the ECA into the lumen of the ICA until the suture blocks the origin of the MCAO closing the incision (Chen et al. 2005) . In all experiments, rats were subjected to 2 h of right MCAO followed by i.v. injection with saline or 30 ng/kg of PACAP38 into the tail vein. The rats were allowed to survive for 2 days to allow about 48 h of reoxygenation. Thereafter, the brains were removed for the different ELISA, western blotting, RT-PCR, and immunohistochemistry evaluations. All experiments were conducted in strict accordance with the Henry Ford Health System's Institutional Animal Care and Use Committee.
Brain Fixation and Sectioning
Two days after MCAO, rats were anesthetized by pentobarbital (40 mg/kg, i.p.) and the cardiovascular system was transcardially perfused first, with 0.1 M phosphate buffer, and then with 4 % paraformaldehyde in 0.1 M phosphate buffer. These procedures were carried out under controlled pressure of 100 mm Hg, which is equal to the mean arterial blood pressure of the rat. Brains were removed and immersed in the same fixative overnight at 4°C. Sectioning the brain was completed in a rat brain matrix (Activational Systems, Warren, MI, USA), which allows to cut the entire rat brain into seven coronal slices (labeled A to G from front to back) each measuring 2.0 mm in thickness. A series of adjacent 6 μm-thick sections were cut for the 2-mm block D (bregma level +1.0 to +3.0) in the coronal plain and stained with hematoxylin and eosin for evaluation of infarct volume (Shehadah et al. 2010) . In some experiments, the sections were stained with 2,3,5-triphenyltetrazolium chloride (TTC): slices were immersed for 20 min in a 2 % solution of TTC in normal saline at 37°C, then fixed in 10 % phosphate-buffered formalin at 4°C. TTC reacts with intact mitochondrial respiratory enzymes to generate a bright red color that contrasts with the pale color of the infarction. The caudal side of each slice was photographed. The area of the infarction (unstained) was traced and measured using Image J (http://rsb.info.nih.gov/ij/download/), and the infarction volume per brain (cubic millimeter) was calculated from the measured infarction area (Koumura et al. 2008) .
Immunohistochemistry Sections (6 μm) were deparaffinized and hydrated through a series of graded ethanol solutions. Antigen retrieval methodology was used to enhance the immunoreactivity. Each section was placed in boiled citrate buffer (pH 6) within a microwave oven (650-720 W) and was blocked and pretreated with a normal serum, depending upon the specific primary antibodies that were used. Sections were incubated with an antibody, treated with peroxidase-avidin-biotin complex (ABC kit, Vector) peroxidase-conjugated reagents, developed with 3,3′-diaminobenzidine (DAB), and counterstained with hematoxylin. Controls were treated with non-immune serum for the primary antibody or omission of the primary antibodies. The following primary antibodies were used: anti-caspase-3 and anti-phospho-Akt (Cell Signaling); anti-microtubuleassociated protein-2 (MAP-2) (Sigma-Aldrich, St. Louis, MO, USA); anti-TuJ1 (Covance); anti-GAP-43, anti-actin, antiphospho-Erk, anti-phospho-trkB (H-181), anti-phospho-p85, anti-phospho-tyrosine (PY99), and anti-NgR (Santa Cruz, Princeton, NJ, USA); and anti-p75 NTR (Promega). For double immunostaining, the sections were processed with DAB staining and then pretreated with a normal serum and fluorescein antibody binding which was detected using fluorescein isothiocyanate-conjugated secondary antibodies (Vector).
Measurement of Infarct Volume
The volume of cerebral tissue infarction was measured by a light microscope using a Global Lab Image Analysis Program (Data Translation, Marlboro, MA, USA). The area of infarction and the area of both hemispheres (square millimeter) were calculated on hematoxylin and eosinstained sections, by tracing the areas on the computer screen, and the volume (cubic millimeter) was determined by integrating the appropriate areas with the section interval thickness. To reduce errors associated with processing of tissue for histological analysis, an indirect volume calculation was also performed (Chen et al. 2005 ).
Statistics
Each experimental group contained eight to ten rats (n08-10). All in vitro experiments were performed with four to nine different cultures (n024-54). Analysis of variance followed by t tests with Bonferroni correction was used to compare differences between the control and the PACAPtreated groups both in vitro and in vivo. All data are presented as means±SE and a p<0.05 was considered statistically significant.
Results
Neuroprotective Effect of PACAP in MCAO Rat Model
To examine the neuroprotective effects of PACAP in vivo, the rats were subjected to 2 h of unilateral MCAO followed by reperfusion for 48 h. A large area of edema was observed in the saline-treated animals, but was markedly reduced upon PACAP treatment (Fig. 1a, b , circled area). To examine the extent of PACAP-mediated protection, the infarct volume (Fig. 1a , circled area) was measured (Fig. 1c) . The infarct volume was approximately 36 % in MCAO animals injected with saline, but was significantly reduced (p<0.01, n08) to approximately 18.8 % after PACAP treatment. These results suggest that PACAP has about 50 % protective effect against ischemic brain damage in vivo, confirming previous studies.
Caspase-3 is one of the important mediators of apoptotic cell death and can be activated after transient focal ischemia (Davoli et al. 2002) . To examine the expression and activation of caspase-3, in the ischemic core (IC) and penumbra regions (PN) in rat brains subjected to focal cerebral ischemia, tissue samples were dissected from these areas of the ipsilateral hemisphere as well as from the corresponding region of the contralateral hemisphere (CL) as shown in Fig. 2a . Western blotting analysis showed the appearance of cleaved caspase-3 products (molecular weight of 17 and 19 kDa), the cleavage product of pro-caspase-3, in the PN of the MCAO brains but very little in the PN of corresponding tissue of the PACAP38-treated MCAO brains (Fig. 2b, insert) . No apparent cleavage of caspase-3 was observed in other brain regions. Caspase-3 activity was greatly increased in the ischemic core and penumbra region of the ipsilateral side of the brain after MCAO. PACAP significantly reduced the caspase-3 activity in these brain regions, back to the levels of those in the contralateral hemisphere (Fig. 2b) . Due to the extensive cell death in the ischemic core, the variability in caspase-3 activity compromised the caspase-3 measurements. Similar observations of reduction in caspase-3 staining were also found with coronal brain sections immunostained with anti-active caspase-3 antibody (Fig. 2c) . These results suggest that PACAP may prevent neuronal apoptotic cell death through the suppression of caspase-3 activity and are consistent with studies demonstrating that PACAPmediated neuronal survival is involved in the suppression of caspase-3 activity in cerebellar granule cells (Vaudry et al. 2000a) . The changes in expression of pro-apoptotic member Bax were examined using the same set of tissue samples as shown in Fig. 2d . Bax expression was increased in the IC and PN tissue in saline-injected rats while its expression was greatly reduced in the corresponding areas in PACAP-treated rats (Fig. 2d) . These results suggest that Bax protein is also involved in PACAP-mediated neuroprotection. Fig. 1 Neuroprotective effects of PACAP after focal cerebral ischemia measured by reduced infarct volume. a Rats were subjected to 2 h of right MCAO followed by 48 h of reoxygenation in the presence or absence of PACAP38 injected i.v. at a dose of 30 ng/kg into the tail vein. The rats were allowed to survive for 2 days. Brains were dissected, perfused, fixed, and cut into sections of 2 mm. A series of adjacent 6-μm-thick sections were cut from the 2-mm block (bregma level +1.0 to +3.0) in the coronal plane and stained with a TTC and b hematoxylin and eosin; MCAO: saline-treated; MCAO/PACAP: PACAP38-treated. c The infarct volume represents the percentage of the area of lesion in the ipsilateral hemisphere vs. the corresponding area in the contralateral hemisphere. *p<0.01 compared to healthy brains; #p< 0.01 compared to MCAO brains Fig. 2 Neuroprotective effects of PACAP after focal cerebral ischemia measured by reduced caspase-3 and Bax (a member of the proapoptotic Bcl-2 protein family) expression. a Representative coronal brain sections (4 mm) stained with 2,3,5-triphenyltetrazolium chloride to demonstrate the regions of tissue dissection. Ipsilateral hemisphere: ischemic core (IC) and penumbra (PN) boundary zone to the ischemic core; contralateral hemisphere (CL). b PACAP reduces caspase-3 activity under ischemic conditions. Insert, western blotting analysis using the antibody against active caspase-3 and caspase-3 activity measured by a colorimetric kit. Black bars: saline; white bars: PACAP38; *p<0.05 compared to saline. c Immunostaining of coronal brain sections (6 μM) using anti-active caspase-3 antibody. d Western blotting analysis of Bax using the tissue samples from ischemic core (IC), penumbra (PN), and contralateral (CL) hemispheres. MCAO rats injected with either saline (MCAO) or PACAP38 (MCAO/PACAP)
PACAP Preserves the Level of Neuronal Markers in MCAO Rat Model
The change of expression of neuronal specific marker MAP-2, in the animal model of focal cerebral ischemia was examined by immunohistochemistry, before and after PACAP treatment. Higher MAP-2 immunostaining was observed after PACAP treatment in the ipsilateral subventricular zone and ischemic boundary regions, respectively, as compared to corresponding untreated regions (Fig. 3a, b) . Western blotting analysis was performed using dissected tissue samples from IC and PN of ipsilateral and contralateral hemispheres. Growth-associated protein-43 (GAP-43) is a neuronal specific protein expressed during axonal outgrowth and regeneration and localized at the growth cone (Benowitz et al. 1990 ). TuJ1 antibody can recognize class III beta-tubulin expressed exclusively in neurons and stains the neuronal cell bodies, dendrites, axons, and axonal terminations (Geisert and Frankfurter 1989) . Both TuJ1 and GAP-43 expressions were reduced in the IC of salineinjected MCAO animal, but were higher expressed in the IC of PACAP-treated MCAO animal (Fig. 3c) . These results of PACAP38 preservation of the expression of the selected neuronal markers MAP-2, TuJ1, and GAP-43 associated with neuroprotection and regeneration (Li et al. 1998 ) provide another experimental evidence of PACAP38-induced neuroprotection.
PACAP Induced Expression of BDNF and Phosphorylation of trkB/PI3-K-Akt in MCAO Rat Model
To measure changes in BDNF levels, ELISA was used with dissected tissue homogenates of the ipsilateral and contralateral hemispheres of the brain of MCAO rats compared to PACAP-treated MCAO animals (Fig. 4a) . PACAP treatment increased by twofold the level of BDNF. In parallel experiments, the levels of phospho-trkB and PI3-K-Akt signaling pathways, PI3-K regulatory subunit p85, and its downstream signaling protein Akt were measured (Fig. 4b, c) . Equal amounts of lysates from the IC, PN, and CL areas were immunoprecipitated with anti-phosphotyrosine antibody and immunoblotted with anti-trkB or anti-PI3-K p85 antibody (Fig. 4b) . Increased tyrosine phosphorylation of trkB and p85 was observed in the tissue from MCAO/ PACAP-treated rats. In addition, the same tissue samples were subjected to western blotting analyses using phosphoAkt antibodies (Fig. 4c) . Increased phosphorylation of Akt was observed in the ischemic core and penumbra regions after PACAP treatment of MCAO rats. These results suggest that PACAP may activate trkB-mediated signaling pathways most probably due to the increased expression of BDNF.
In order to examine the extent of phosphorylation of Erk1/2 in the animal MCAO rat model, tissue samples were obtained as described and subjected to western blotting analysis. As expected, MCAO induced Erk1/2 phosphorylation, and after PACAP treatment, the levels of phosphoErk1/2 were significantly reduced in IC and PN areas of the ipsilateral hemisphere, while the levels were not changed in the CL hemisphere, as also evident in the immunohistochemical experiments (Fig. 4d) . These findings suggest that activation of Erk1/2 may be involved in the cell death process under ischemic insult, and attenuation of Erk1/2 phosphorylation by PACAP may contribute to its neuroprotective effects.
To examine the expression of p75 NTR receptor, and NgRassociated protein Nogo, known as a neuronal axon growth inhibitory molecule receptor, brain lysates or sections from the MCAO animals treated with either saline or PACAP were subjected to western blotting, RT-PCR, or immunohistochemistry (Fig. 5) . Figure 5a clearly indicates a decrease in the expression of p75 NTR after PACAP treatment in the tissue samples from IC and PN of ipsilateral hemispheres and nonsignificantly from the CL hemisphere of MCAO rats Brain tissue samples from MCAO rats injected with either saline (MCAO) or PACAP38 (MCAO/PACAP) were dissected and cell lysates were prepared. Equal amounts of lysates were immunoblotted using specific monoclonal antibodies against TuJ1, GAP-43, and actin. IC ischemic core, PN penumbra, CL contralateral compared to samples from animals injected with saline. Western blotting analysis was performed to examine the expression of NgR in the tissues dissected from different brain regions (Fig. 5b) . In brains of MCAO rats, NgR expression was observed in ischemic and penumbra tissues, but less NgR expression was observed in the contralateral hemisphere. In addition, NgR expression was greatly reduced in the IC, PN, or CL tissues in PACAP-treated MCAO rats. RT-PCR analysis using total RNA derived from the tissue samples dissected from ipsilateral or contralateral hemispheres showed that PACAP suppressed the expression of NgR in the ipsilateral side but showed no apparent difference in the contralateral side (Fig. 5b) . The NgR immunoreactivity in the sections of saline-treated MCAO animals was greatly increased in the cortex and striatum. However, the immunoreactivity was rarely detected in the brain of PACAP-treated MCAO rats (Fig. 5c ). These findings suggest that PACAP38 suppresses NgR expression, which in turn may reduce the interaction between NgR and neuronal growth inhibitory proteins, and prevent the induction of intrinsic neuronal outgrowth inhibitory signaling mechanisms as previously noted with other neuroprotective drugs (Shehadah et al. 2010) .
PACAP Induced Neuroprotection, BDNF Release, and trkB and Akt Phosphorylation in Cultured Cortical Neurons Subjected to OGD To measure the protective effects of PACAP under ischemia-like conditions (oxygen and glucose deprivationreperfusion), primary cortical neurons were subjected to 1 h of OGD (Lobner and Choi 1996) followed by 48 h of with anti-phospho-Akt antibody; middle part, western blotting analysis of phospho-Akt levels; lower part, the levels of phospho-Akt were measured from three western blotting and represented as mean±SD; black bars-saline; white bars-PACAP; *p<0.05 compared to saline in the same group. d PACAP reduced Erk1/2 phosphorylation. Upper part western blotting analysis was performed using antibodies against phospho-Erk1/2 and basal Erk1. Lower part immunostaining of the coronal brain sections using anti-phospho-Erk1/2. a, b Low magnification (×20); c, d high magnification (×40); a, c-MCAO; b, d-MCAO/PACAP. IC ischemic core, PN penumbra, CL contralateral reperfusion (OGD/R), in the absence or presence of 100 nM of PACAP38. The extent of cell death was measured by lactate dehydrogenase (LDH) release assay. LDH release increased over threefold after OGD-reperfusion as compared to control, thereby reflecting an increase in necrotic cell death (Fig. 6a) . PACAP treatment under normoxic conditions did not change the LDH release, but under OGD reduced by 35 % the increase of LDH release, conferring neuroprotection. Caspase-3 activity measurements indicate that OGD-reperfusion induced approximately 2.7-fold increase in caspase-3 activity while PACAP treatment suppressed this induction by about 25 % (Fig. 6b) . These results are similar to those obtained from LDH release assay and clearly indicate the neuroprotective effect of PACAP on cultured cortical neurons subjected to OGD.
PACAP treatment of the neurons under normoxic conditions significantly induced the increase of BDNF expression after 24 h (Fig. 6c ) in line with a previous report (Frechilla et al. 2001) . OGD-reperfusion significantly reduced BDNF expression, which could be partially reversed after PACAP treatment (Fig. 6c) . These results were further confirmed by western blotting analysis of BDNF protein (Fig. 6c, insert) . These data suggest that PACAP can induce BDNF expression under normal or ischemic conditions, which may contribute to its neuroprotective effect.
To examine PACAP activation of trkB receptor phosphorylation, cultured cortical neuronal cells were treated with 100 nM of PACAP38 for 0, 2, 4, and 6 h, and tyrosine-phosphorylated trkB protein was immunoprecipitated. Increased trkB immunoreactivity was observed after 2 and 4 h of PACAP treatment, indicative of tyrosine phosphorylation of trkB receptor (Fig. 6d) . BDNF was used as a positive control to show that it could induce trkB phosphorylation. The levels of phospho-Akt were also examined in these experiments (Fig. 6e) . PACAP induced Akt phosphorylation under control conditions. OGD insult did not cause changes in Akt phosphorylation. However, OGD-reperfusion reduced Akt phosphorylation and PACAP could prevent this effect. These results suggest that PACAP may prevent ischemia-induced apoptotic cell death through the suppression of caspase-3 (Fig. 6b) , as well as by the induction of pro-survival Akt activation (Fig. 6e) , both critical for PACAP-mediated neuroprotection.
PACAP Induced Neurite Outgrowth Under Ischemic Conditions in Cultured Cortical Neurons Subjected to OGD
Immunostaining was performed in fixed cultured cortical neurons under normoxia or OGD-reperfusion conditions, before or after PACAP treatment using a monoclonal antibody anti-TuJ1. PACAP induced an increase in immunoreactivity of TuJ1 expression under control or OGD conditions (Fig. 7a) . The average length of neurite per cell was 275 ± 45 μm under the control conditions, while PACAP increased it to about 610 ± 157 μm. OGD- NTR and b downregulation of Nogo receptor (NgR). The tissues were dissected from ischemic core (IC) and penumbra (PN) areas of the ipsilateral hemisphere, as well as the corresponding region of the contralateral (CL) hemisphere, from the rats subjected to MCAO or MCAO followed by PACAP38 treatment. Equal amounts of lysates were subjected to western blotting analysis using anti-p75 NTR or anti-NgR receptor antibodies. b Left-PACAP-mediated downregulation of Nogo receptors measured by RT-PCR. L: tissue sample from contralateral hemisphere; R: tissue sample from ipsilateral hemisphere. Total RNA was isolated and RT-PCR was performed at 40 cycles at 94°C for 1 min, 62°C for 1 min, and 72°C for 1 min. Samples were separated on 2 % agarose gel. c Immunostaining of coronal brain sections with anti-Nogo receptor antibody indicating PACAP downregulation of Nogo receptor expression. The 6-μm-thick sections were derived from the 2-mm brain block D (bregma level +1.0 to +3.0) stained with anti-Nogo receptor antibody. a, b Cortex at penumbra; c, d cortex at ischemic core; e, f striatum. Arrows indicate NgR positive cells reperfusion reduced the average length of neurite to 180± 17 μm from 275 μm, but PACAP restored the neurite length to 410±105 μm (Fig. 7b) , suggesting that PACAP can induce neurite outgrowth under OGD-reperfusion conditions. PACAP Induced Rac Activity and Suppression of Rho Activity in MCAO and OGD Stroke Models Rho GTPases, such as Rac1 and RhoA, have been implicated in the process of neurite outgrowth (Kao et al. 2002) . Rho family of GTPases can signal to the actin cytoskeleton through various downstream effector proteins, which require the binding of active GTP-bound forms of Rho GTPases (Hall and Nobes 2000) . The binding domains in these effector proteins have been used to pull down and quantify the GTP-bound Rho GTPases. To examine the effects of PACAP on the activities of Rho GTPases, Rac-GTP levels were examined in the IC, PN, and CL tissue samples derived from saline-injected and PACAP-treated rats (Fig. 8a) . PACAP induced approximately 50 and 30 % increase of Rac-GTP levels in the IC and PN regions, respectively. To examine the effects of PACAP on RhoA activity, cultured cortical neurons were subjected to OGDreperfusion conditions and RhoA-GTP levels were measured (Fig. 8b) . OGD or OGD-reperfusion increased the levels of RhoA-GTP, while the levels were significantly suppressed by PACAP treatment. These results indicate that PACAP can induce Rac activity and suppress Rho activity under ischemic conditions in vivo and in vitro. The balance of Rac and Rho activities in PACAP-mediated neural Fig. 6 PACAP induced neuroprotection, BDNF release, and trkB and Akt phosphorylation in cultured cortical neurons subjected to oxygenglucose deprivation (OGD). a Neuroprotective effects of PACAP on OGD-induced neuronal cell death in vitro. Cultured cortical neurons were subjected to OGD for 1 h followed by reperfusion for 48 h, in the absence (OGD/R) or presence (OGD/R/PACAP) of 100 nM of PACAP38. The levels of released and total lactate dehydrogenase (LDH) were measured by using a CytoTox 96 cytotoxicity assay kit. Results were presented as mean±SD, *p<0.05 compared to control; **p<0.05 compared to the saline group exposed to oxygen-glucose deprivation followed by reoxygenation (OGD/R) (black-saline; white -PACAP38). b Inhibitory effects of PACAP on caspase-3 activity under OGD followed by reperfusion. Cultured cortical neurons were subjected to OGD for 1 h followed by reperfusion as in a. Caspase-3 activity was measured using caspase-3 assay kit. Results were presented as mean ± SD. *p < 0.05 compared to control; **p < 0.05 compared to OGD/R. c Upper-western blotting analysis of BDNF expression. Lower-quantization of BDNF levels using ELISA. *p< 0.001 compared to control; **p<0.001 compared to OGD/R; Δp<0.05 compared to PACAP. d Effects of PACAP on the activation of trkBmediated signaling pathways in cultured cortical neurons. Cultured cortical neurons were treated with 100 nM of PACAP38 for 2, 4, and 6 h. Cells were also treated with 50 ng/ml of BDNF for 1 h. Equal amounts of lysates were immunoprecipitated with antiphosphotyrosine antibody and immunoblotted with anti-trkB or anti-PI3-K p85 antibodies. e PACAP induces Akt phosphorylation under ischemic conditions. Cultured cortical neurons were subjected to OGD for 1 h followed by reperfusion for 48 h, in the absence or presence of 100 nM of PACAP38. Equal amounts of lysates were subjected to western blotting analysis. Phosphorylation of Akt was detected by using an anti-phospho-Akt antibody (ser 43) damage and plasticity under ischemic conditions remains to be further characterized.
Discussion
In the present study, using a rat model of MCAO transient focal cerebral stroke and cultured cortical neurons exposed to OGD-reperfusion ischemic insult, it has been found that (1) PACAP38 reduced the infarct volume, confirming previous studies; (2) PACAP exerted neuroprotective effects in the MCAO animal model and cultured cortical neurons likely through the increased expression and release of BDNF, increased phosphorylation of BDNF receptor trkB and PI3-K/Akt and suppression of caspase-3 activity; (3) PACAP increased the expression of the neuronal structural protein MAP-2, TuJ1, and GAP-43 in neurons in the boundary zone to the ischemic core suggestive of neuroprotective mechanisms; (4) PACAP reduced neuronal growth inhibitory molecules p75 NTR and NgR under ischemic conditions in vivo most probably contributing to the neuroprotection and functional recovery after the insult; and (5) PACAP induces Rac while suppressing RhoA activity, a critical balance in the promotion of neurite outgrowth and regeneration after stroke.
These data are summarized in a mechanistic working model presented in Fig. 9 , proposing multiple pathways by which PACAP provides neuroprotection against ischemic brain damage and promotes neurite outgrowth after injury. These beneficial activities can be induced from one hand by activation of PAC1 receptors and stimulation of cAMP- Fig. 7 PACAP induced neurite outgrowth under ischemic conditions in cultured cortical neurons subjected to OGD. a Immunostaining of cultured cortical neurons with TuJ1. Cultured cortical neurons subjected to OGD followed by reoxygenation (OGD/R) or exposed to normoxic conditions (control) were left untreated (−PACAP; a, b) or treated with 100 nM of PACAP38 for 48 h (+PACAP; c, d). Cells were fixed and subjected to immunostaining using TuJ1 antibody. b Quantization of the average length of neurite from different conditions shown in a. Photomicrographs were taken at×40 magnification with a digital camera. The axons were then traced and measured using SigmaScan analysis system. Results were presented as mean±SD. *p< 0.05 as compared to control; Δp<0.05 as compared to oxygenglucose deprivation followed by reoxygenation (OGD/R) Fig. 8 PACAP induction of Rac1 (Ras-related C3 botulinum toxin substrate 1) and suppression of RhoA (Ras homolog gene family, member A) activity. a The effect of PACAP on Rac activity. Insertequal amounts of lysates from the brain areas of rats subjected to MCAO or MCAO followed by PACAP38 treatment were incubated with PAK-1-PBD (p21-binding domain of human PAK-1). Precipitated Rac-GTP proteins were separated on 14 % SDS polyacrylamide gel and immunoblotted with anti-Rac1 antibody. Equal amounts of lysates were run separately to measure the total Rac levels. Quantization of Rac-GTP levels in various brain regions with or without PACAP treatment, using the data obtained from western blotting experiments. IC ischemic core, PN penumbra, CL contralateral. b The effect of PACAP RhoA activity in cultured cortical neurons subjected to 1 h of OGD or 1 h of OGD followed by 1 h of reperfusion, in the absence or presence of 100 nM PACAP38. RhoA-GTP activity was measured using a Rhotekin pull-down assay kit. Equal amounts of lysates were subjected to immunoblotting to measure the total RhoA levels among different samples. Control-normoxia; control/PACAP-normoxia and 100 nM PACAP treatment; oxygen-glucose deprivation-OGD alone; OGD/R-OGD followed by 48 h of reoxygenation; OGD/R/ PACAP-OGD/R with 100 nM PACAP treatment dependent PKA, Src, and other signaling molecules (Onaka et al. 2003) . PACAP can increase intracellular cAMP and induce the phosphorylation of the cAMP response element binding protein (CREB) through the activation of PKA (Schomerus et al. 1996; Vaudry et al. 1998b) , which is an important transcription factor in many physiological and pathological conditions including synaptic plasticity and neuronal survival (Bito and Takemoto-Kimura 2003) . Persistent activation of CREB is associated with neuronal survival in focal and global cerebral ischemia (Tanaka et al. 2000; Jin et al. 2001) , therefore providing a strong neuroprotective signal.
PACAP reduced the phosphorylation of Erk1/2 in the MCAO rat model. Apparently, this finding contradicts earlier studies which indicated a direct correlation between PACAPinduced neuroprotection and PACAP activation of Erk1/2 in a glutamate-induced retina lesion model (Racz et al. 2008 ) and in C2-ceramide-induced apoptosis of cerebellar granule cells (Vaudry et al. 2003) . Extracellular signal-regulated protein kinases 1 and 2 (ERK1/2), which are members of the mitogen-activated protein kinase superfamily, have been well characterized and are known to be involved in cell survival; however, recent evidence suggests that the activation of ERK1/2 also contributes to cell death in some cell types and organs under certain conditions. For example, ERK1/2 is activated in neuronal and renal epithelial cells upon exposure to oxidative stress and toxicants and deprivation of growth factors, and inhibition of the ERK pathway blocks apoptosis. ERK activation also occurs in animal models of ischemia-and trauma-induced brain injury and cisplatin-induced renal injury, and inactivation of ERK reduces the extent of tissue damage. In some studies, ERK has been implicated in apoptotic events upstream of mitochondrial cytochrome c release, whereas other studies have suggested the converse that ERK acts downstream of mitochondrial events and upstream of caspase-3 activation. ERK also can contribute to cell death through the suppression of the antiapoptotic signaling molecule Akt (Zhuang and Schnellmann 2006) . Administration of the MEK inhibitor, U0126, can attenuate ischemia-induced brain damage after either forebrain or focal ischemia (Namura et al. 2001) , suggesting that Erk1/2 activation may actively participate in the ischemic cell death process. Although transient Erk1/2 activation is considered as a survival signaling event, prolonged stimulation of Erk1/2 appears to be related to neuronal cell death, consistent with the concept of the paradox of dual survival/death role of Erk1/2 in neurons (Zhuang and Schnellmann 2006) . Therefore, in the MCAO model, the effect of PACAP on Erk1/2 phosphorylation may depend on the degree of insult, and definitely, the reduced Erk1/2 phosphorylation observed in our study may be interpreted as a neuroprotective effect.
On another hand, PACAP increased BDNF expression and most probably its autocrine/exocrine release (Fig. 9) . In theory, this release can activate BDNF trkB receptors which in turn can activate PI3-K/Akt signaling pathway therefore conferring neuroprotection by a second mechanism. A similar possibility was proposed for PACAP-induced release of BDNF and activation of NMDA receptors (Yaka et al. 2003) , and these data are also reminiscent of PACAPinduced phosphorylation of Akt in cardiomyocytes exposed to ischemia (Racz et al. 2008) . Activation of trkB can also result from PACAP-induced transactivation of trkB using Src signaling (Lee et al. 2002b; Shi et al. 2010) . Another effect of PACAP was its ability to reduce neuronal inhibitory molecules p75 NTR and NgR under ischemic conditions. Since p75 NTR level was decreased and p75 NTR level regulates the activity of trkB (Zaccaro et al. 2001) , it is tempting to propose that this third mechanism is also responsible for the increase phosphorylation activity of trkB receptor.
Rho GTPases, RhoA, and Rac1 are expressed throughout the nervous system. Inhibition of RhoA can induce neurite outgrowth and CNS axonal regeneration (Kubo and Yamashita 2007) , while activation of Rac1 may promote neurite outgrowth (Kozma et al. 1997) . Direct interaction of the Rho GDP dissociation inhibitor (Rho-GDI) with p75 NTR has been observed, and this interaction leads to the activation of RhoA, which can be further strengthened by Nogo (Yamashita and Tohyama 2003) . Neurotrophindependent tyrosine phosphorylation of Ras guanine releasing factor 1 and associated neurite outgrowth is dependent on trk receptor (Robinson et al. 2005) , suggesting that trkB can induce neurite outgrowth by modulating the Rho-Rac balance. Therefore, it is tempting to propose that PACAP induced decreased of p75 NTR /NgR as well as activation of trkB, contributed to the reduced RhoA-GTP observed in vitro with cortical neurons exposed to OGD-reperfusion, and increased Rac1 activity observed in the MCAO stroke model. We believe that during the first 48 h, the neurotrophin Fig. 9 Schematic diagram of potential crosstalk signaling pathway between PACAP and BDNF leading to neuroprotection; 1st, 2nd, and 3rd represent the three mechanisms leading to neuroprotection; arrow up-activation; arrow down-inhibition; striped line-plasma membrane effect is neuroprotective and increased labeling of neurites is a reflection of reduced cell death. We cannot exclude the possibility that the increased presence of neurites at 48 h poststroke is also indicative of an early onset of a neurorestorative effect, including plasticity and neurite remodeling. The increased neurites are clearly indicative of sparing and neuroprotection, but may also indicate neurite outgrowth and the onset of neurorestoration. This third mechanism may explain PACAP reduction of neurite damage and increased neurite plasticity under ischemic conditions. These findings are in line with the concept that neurotrophic factors can influence axonal outgrowth through the modulation of downstream signaling proteins, such as PKA, PI3-K/Akt, and Rho GTPase (Ozdinler and Erzurumlu 2001; Kao et al. 2002) .
In conclusion, the neuroprotection and neuroplasticity effects of PACAP38 in the above stroke models indicate crosstalk effects of PAC1 and trkB receptors, which can amplify the molecular signals attempting to cope with the ischemic insult. cAMP/PKA has been implicated in neurite outgrowth in vitro and in vivo, and it may be one of the potential therapeutic targets for stimulating the regeneration after neuronal injury or neurodegeneration (Pazyra-Murphy et al. 2009 ). PI3-K-Akt is involved in the modulation of axonal regeneration, such as preventing the injury-induced motoneuron death and promoting axon regeneration (Fiore et al. 2009 ). PACAP by mobilizing BDNF-trkB signaling may induce a stronger activation of PI3K/Akt signaling pathway generating a significant neuroprotective effect. This study extends the observation that PACAP is simply neuroprotective after stroke by acting simultaneously on several mechanisms (Dejda et al. 2011a ) including attenuation of mitochondrial apoptotic pathway, reduction of inflammatory response (Ohtaki et al. 2006) , and probably mobilization of neurotrophin signaling. Therefore, development of PACAPbased therapeutic agents (Doan et al. 2011; Reglodi et al. 2011 ) may benefit stroke patients by inducing neurotrophin expression and signaling (Jeanneteau and Chao 2006) . Clarifying the mechanisms of PACAP-induced, neurotrophinmediated neuroprotection and neurite outgrowth under ischemic conditions will further contribute towards this goal.
